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Surface glycoproteins act as markisrs in cell -cell com- 
munication events that determine microbial virulence.^ 
inflammation2 and host immune responses.^ In addition, the 
correct glycosylation of proteins is critical to their expression 
and folding^ and increases their thermal and proteolytic 
stability. 5 Glycoproteins occur naturally in a number of 
forms {glycoforms)^ that possess the same peptide backbone 
but differ in both the nature and site of glycosylation. The 
differences exhibited^-? by each component within these 
microheterogeneous mixtures present regulatory difficulties^ 
and problems in determining exact function. To explore these 
key properties, there is a pressing need for methods that 
Ayill not only allow the preparation of pure glycosylated 
proteins but will also allow the preparation of nonnatural 
variants for the determination of structure- acUvity rela- 
tionships (SARs). The few studies that have compared single 
glycoforms successfuUy.have required abundant sources and 
extensive chromatographic separation.^ Neoglycoproteins,*** 
formed via unnatural linkages between sugars and proteins, 
provide an invaluable alternative source of carbohydrate- 
protein conjugates. 11 In particular, chemical glycosylation 
allows control of the glycan structure and the nature of the 
sugar-protein bond. However, despite these advantages, 
existing methods for their preparation typically generate 
mixtures. Advances in the site-specific glycosylation of 
bovine serum albumin (BSA) have been made.»2 However, 
these methods rely upon modification of an existing cysteine 
in BSA and, as such, allow no flexibility in the choice of 
glycosylation site. We therefore set ourselves the goal of 
developing a versatile route to neoglycoproteins without 
these limitations. 

Site-directed mutagenesis combined with chemical modi- 
fication has permitted us to realize this goal and. for the 
first time. 13 provides a general method that allows both 
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regio- and glycan-specific glycosylation of proteins. This 
method is rapid, utilizes reagents that maybe prepared in 
a facile manner and, in principle, is unconstrained ih the 
scope of sites and glycans that may be conjugated. The 
strategy Involves the introducUon of cysteine at preselected 
positions and then reaction of its thiol residue with gly- 
comethanethiosulfonate reagents (Scheme 1). Methaneth- 
iosulfonate (MTS) reagents react specifically and quantita- 
Uvely with thiols*^ and allow the controlled formation of 
neutral disulfide linkages. Recently, we have successfully 
used the representative serine protease subtilisin Bacillus 
lentus (SBL) as our vehicle and conUnue to do so here.^^ SBL 
is an ideal model protein for evaluating the validity of this 
strategy as it does not contain a natural cysteine and is not 
. naturally glycosylated. 

Four SBL sites at different locations and of different 
characteristics were selected for mutation to cysteine in 
order to provide a broad test of the glycosylation methodol- 
ogy. SI 56 of the Srpocket is a surface-exposed residue that 
permits the introduction of externally disposed glycans 
mirroring those found naturally in glycoproteins.^^ in con- 
trast, N62 in the S2 pocket. S166 in the Sj pocket, and L217 
in the S/ pocket have side chains that are internally oriented 
and test the applicability of the method for introducing 
sugars at hindered locations. Broad applicability with 
respect to the sugar moiety was evaluated by using the 
representative-series of protected and deprotected mono- and 
disaccharide methanethiosulfonates la-k. These were pre- 
pared from their parent carbohydrates in good to excellent 
yields (Schemes 2 and 3). Two types of glycosylating re- 
agents, the anomeric methanethiosulfonate la and the ethyl- 
tethered methanethiosulfonates Ib.c.g.h, were prepared 
from D-glucose (2a. Scheme 2). The preparation of these 
reagents in fully protected la.g.h and deprotected lb c 
forms allowed the effects of increased steric bulk and hy- 
drophobicity to be assessed. Parallel routes allowed sim- 
ilarly efficient access to the a-D-manno-MTS reagents Id and 
li. which are epimeric at C-2 relative to lb and Ig. respec- 
tively, and the)?-D-gaIacto-MTS reagents le and Ij. epimeric . 
at C-4 relative to Ic and Ih. respectively (Scheme 3). 

The glyco-MTS reagents la-k were then reacted with 
SBL-N62C, -S156C. -S166C. and -L217C in aqueous buffer.^s 
These reactions were rapid and quanUtative. as judged by 
monitoring changes in specific acUvity and by titration of 
residual free thiols with Ellman^s reagent.^^ The glycosylated 
chemically modified mutants (CMMs) were purified by size- 
exclusion chromatography and dialysis, and their structures 
were confirmed by rigorous ES-MS analysis. The CMMs 
each appeared as a single band on nondenaturing gradient 
PAGE, thereby establishing their high purities. In all cases 
modification with the fully deprotected reagents lb-fled 
to site-specific glycosylations and the formation of single 
glycoforms. These are the first examples of homogeneous 
neoglycoproteins in which both the site of glycosylation and 
the strucure of the glycan introduced have been predeter- 
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where for M: X = H, g-k: X = Ac 
Scheme 2^ 
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K» ^"^ conditions: (i) AczO. nv then HBr ArOH- fiO 

mined Furthermore. modiflcaUon with the protected MTS 
ia.g-k gave products with controllable levels of acetylatlon. 
rhrough adjustment of pH and appropriate selection of the 

fl?^?^A°'i ^^'^ '° P'-^Pare differently 

acetylated glycoforms of SBL. These are Ulustrated by the 
reaction of SBL-N62C. -L217C. -S156C. and -S166C. wS 
la. Choice of pH 9.5 and SBL-N62C, -S156C, and -81660 
ITn WA T^'^'^^l^' gl^-^o^MMs N62C-S-)?-Glc(Ac)4. S156C- 
of^SB '^f p '^r"" Sl66C-S-^-Glc(Ac),. Alternatively, choice 
dLrvt^ ^.^"'^ P" ^-S- allowed complete 

°'" '"•^"■■Po'-atlon of two or three acetate groups 

and lStcTa rTrf.^^"^-^"^-^''- L217C-S-^-GIc(Ach. 
and L^17C-S-/3-Glc(Ac)3. respectively. The flexibility of this 
method was further extended through incubation of L217C- 
S-^-Glc(Ac)3 in pH 9.5 buffer, which allowed the clean 
fomiation o L217C-S-^-Glc in an alternative manner. Si 
^.f ;S f ^ ^'^^^'y selectivity was retained. 

Zfrni ^, " level of acetylatlon through pH 

control vastly expands the structural variety of glyco CMMs 
that can be conveniently accessed. Its potential 1^ this 
^^t^t?T\''^'^^y preparing a small library of differently 
miC ^^ir&r CMM\^°"gh the reacUon of SBL- 
N62C. -S156C .S166C. and .L217C with MTS reagents Is- 
le. For example, at pH 5.5 reactions of SBL-L217C and 
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Ki ^'^^IT^ conditions: (i) AcjO. py 92% for Sd. 99% for 5e- AcO 

^^^^^li'^/°'""= Br(ChyaOH, BFrEt^O, DCM 70% for 4i 

for 4J 53% for 4k; (lii) NaOMe. MeOH. 96% for 4d. 92% for 4e 90% 

s '^tri^^^^r^^'j.^^ 

-SI 660 created singly deacetylated CMMs, with the excep- 
tion of pure dideacetylated glyco-CMMs L217C-S-Et-a-Glc- 
(ACJ2 and S166C-S-lac(Ac)5. In contrast, reactions of SBL- 
M56C gave only the fully acetylated CMMs, S156C-S-e-k 
Interestingly, the reactions of SBL-N62C were also deter- 
mined by the anomeric configuration of Ig-k with a-MTS 
reagents Ig.i. gMng products that retained all acetate 
groups while ^-MTS reagents IhJ.k were monodeacetylated 
We attribute this valuable site-dependent deacetylatlon 
to a novel intramolecular SBL-catalyzed process. Although 
acetate esters are moderately chemically labile in aqueous 
solution at pH 9.5. they are stable at both pH 7.5 and 5 5 '« 
ITie strJ^ing differences in behavior during modification with 
9i5fir ^"f ^c'Hl^'^ and the three other mutants -N62C. 
-S156C and -S166C under idenUcal reaction conditions 
discount the possibility of deacetylatlon prior to modification 
Primary acetate groups are typically more labile than sec- 
ondary acetote groups under conditions of enzymatic deacety- 
laUon's and subtUlsin is regioselective for the -CHjOAc of 
pyranosides.2o We believe that parUal or complete deacety- 
latlons of the secondary acetates at pHs 5.5. 7.5 and 9 5 
occur foUowing sequential acetate migrations from 0-4 - 
nf Z ^'^ "* ^^"^f^r- »" turn, each 

orilr^ n°R "^.-^'^'^^^ ^""P" '° "-^^ enzyme-sensitive 
primary 0-6 position. 
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